The femtosecond filament-induced breakdown spectroscopy (FIBS) technique coupled with principal component analysis (PCA) is demonstrated for standoff (ST) analysis of metals, alloys (Al, Cu, brass, stainless steel), and bimetallic strips (Ag@Cu, Ag@Au with varying weight percentages). The experiments were performed by analyzing the filament-produced plasma at ∼6.5 m from the laser. The plasma emissions were collected using a SchmidtCassegrain telescope (6″ f/10) at ∼8 m away. The variations in intensities of persistent atomic transitions in the FIBS spectra clearly reflected the varying weight percentage in bimetallic strips. Furthermore, PCA was successfully utilized to discriminate the metals, alloys, and bimetallic strips batch wise and altogether. Over the last couple of decades, the laser-induced breakdown spectroscopy (LIBS) technique has emerged as a potential spectroscopic technique for analysis of various samples in their unconventional state [1] . Rapid in situ multi-elemental analysis is the motive for LIBS applications in the field of investigation of minerals, rocks, and geochemical samples. Recent studies have demonstrated the LIBS applications in numerous fields such as material processing, food processing, pharmaceutical industry, plastic recycling industry, soil analysis, and checking the trace-level contamination in water [2] . Moreover, LIBS has also been used in the remote analysis of archeological sites, space applications, and detection of explosives, etc. [3, 4] . Along with LIBS, laser-induced fluorescence has the potential for standoff (ST) trace analysis [5] , albeit the setup becomes more critical with the involvement of dye lasers which are bulky and not easy to maintain. Traditionally, nanosecond pulses have been expansively utilized for remote analysis of aerosols, metallurgical industry, and planetary missions.
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To date, remote analyses using nanosecond pulses have been demonstrated up to ∼100 m [6, 7] . However, femtosecond pulses seem to be advantageous for ST applications, as they can propagate several hundreds of meters to few kilometers by forming intense filaments delivering high intensities at remote locations. When femtosecond pulses propagate in air, a stable plasma channel called a "filament" will be formed due to the dynamical balance between Kerr self-focusing effect and plasma defocusing effect [8] [9] [10] . During the femtosecond filamentation in air, the laser intensities can reach up to 10 13 -10 14 W∕cm 2 , which are intense enough to ablate and create plasma, thus resulting in characteristic atomic and molecular emissions. Femtosecond filaments have a range of applications, from atmosphere sensing, analyzing metals, and chemical and biological agents, to label isotopes of nuclear materials (assisted with laser ablation molecular isotopic spectrometry) and detection of explosives in remote/ ST configurations [8, [11] [12] [13] . They can be potentially utilized for remote analysis in harsh environments, including polluted sites. In contrast, nanosecond pulses suffer from diffraction, or beam wandering and, thus, fail to deliver high intensities to remote locations [14] . Fujii et al. [11] utilized femtosecond LIBS, in combination with LIDAR (using terawatt pulses), to demonstrate the capability of remote sensing micro-particles in ambient air. Stelmaszczyk et al. [8] again utilized femtosecond terawatt pulses and demonstrated 90 m ST LIBS measurements of copper and iron targets. Interestingly, femtosecond pulses can be tailored (chirped) to improve the generated filaments which, in turn, improve the ablation efficiency [15] . Femtosecond pulse ablation characteristics such as no pulse-plasma interaction, minimal plasma-ambience interaction [16] , diminished matrix effects, lesser heat affected zones, and smaller crater depths, are worthwhile for employing femtosecond filaments in ST applications [17] . In situ elemental analysis of minerals and alloys, and their classification at ST distances is interesting and challenging. In our earlier work, we successfully demonstrated the ST (up to 2 m) and remote (detector only at 8.5 m) detection capability of bulk explosives [18] . In this Letter, we establish ∼6.5 m∕ ∼ 8 m (focusing/collection distance) ST discrimination of metals and bimetallic alloys using femtosecond filament-induced breakdown spectroscopy in the ST mode (ST-FIBS). Furthermore, principal component analysis (PCA) was utilized to discriminate the bimetallic strips among themselves and from metals, and we obtained excellent classification in most of these cases.
A Ti:sapphire amplifier laser system (M/s Coherent, Libra, ∼4 mJ, 1 kHz) delivering ∼50 fs laser pulses and operating at 800 nm was employed to perform femtosecond ST-filamentinduced breakdown spectroscopy (fs ST-FIBS) experiments. The femtosecond pulses with typically 2 mJ of energy were focused, using a two-lens configuration (L1 and L2), where the focusing distance could be varied by changing the distance between the two lenses. L1 is a plano-concave lens (PCV) of −50 cm focal length, and L2 is a plano-convex lens (PCX) of focal length 100 cm. Figure 1 depicts the schematic of fs ST-FIBS setup where femtosecond pulses were focused to form a filament of ∼30 cm length at 6.5 m away (as measured from L2). The most intense part of the filament [19] was made to interact with the target's surface normally [20] . The details of the targets used in this Letter are summarized in Table 1 .
The resulting plasma emissions were collected at a distance of ∼8 m from the plasma using a Schmidt-Cassegrain telescope (6″ f/10, with effective light transmission in a visible region of 420-700 nm [21] ) and coupled to an ANDOR Mechelle spectrometer (resolution of 0.05 at 500 nm, spectral window of 220-880 nm) attached with an ICCD through an optical fiber (600 μm diameter). Both the focusing, as well as the collection distances, are slightly different due to constraints in our lab and other experimental setups. Fs ST-FIBS spectra of all targets were recorded with a gate delay of 50 ns, gate width of 1 μs, ICCD gain of 2500, and exposure time of 1.5 s in an accumulation mode (6 accumulations) without any flat field correction. Thus, each spectrum is the result of plasma emissions from 9000 pulses (1500 × 6 9000 pulses). In this configuration, metals (Al, Cu), alloys (brass, stainless steel), and bimetallic strips (Ag@Cu, Ag@Au) were investigated. Pure bimetallic strips were locally made by blending Ag, Au and Ag, Cu in different weight percentages, and their homogeneity was confirmed by energy-dispersive x-ray spectroscopy data [22] . Figures 2(a) and 2(b) represent the stack plots of the fs ST-FIBS spectra of metals and alloys recorded with an ICCD gain of 1000 and 2500, respectively. Few Zinc atomic peaks were identified in copper and can be considered as impurity. The weak FIBS signal with a poor SNR, illustrated in Fig. 2(a) , can be attributed to the plasma generating conditions by femtosecond filaments such as less crater depth, reduced ablation efficiency due to the energy distribution in energy reservoir, resulting in a cold plasma when compared with tight focused pulses [23, 24] . However, for real-time ST applications, the filaments propagate much longer distances (few tens of meters to hundreds of meters) [25] in air and can interrogate the samples of interest at remote locations. Moreover, optimized usage of ICCD gain can result in significant improvement of the SNR by increasing the signal strength, as shown in Fig. 2(b) . PCA was utilized to cluster and discriminate fs ST-FIBS spectra. PCA is a typical multivariate data analysis approach used to discriminate or classify by correlating the variables and extracting the similar features [26] . PCA finds its applications in various fields such as face recognition, image compression, pharmaceuticals, identification of tissue, and detection of explosives [27] [28] [29] [30] . In PCA, the dimensionality of the multivariate dataset is reduced by calculating the eigenvectors of the covariance matrix of data and then projecting each variable on to the largest eigenvectors. Thus, principal components (PCs) are the new dimensions, which explain the variance present in the dataset and, thus, reduce the dimensionality. A PCA code was written in MATLAB to analyze the fs ST-FIBS spectra of metals and bimetallic targets batch wise. All the spectra were processed and normalized to the highest peak intensity prior to PCA analysis. Figures 3(a) and 3(b) illustrate the PC score plots of normalized (to maximum intensity) fs ST-FIBS spectra of metals at two ICCD gains of 1000, 2500 in the spectral range of 350-700 nm, and Figs. 3(c) and 3(d) depict the respective PCs. The first three PCs together accounted for 73% (60%, 10%, 3%) and 98% (74%, 21%, 3%) of the total variance associated, with the first PC being highest. Better grouping or clustering was achieved for the data with higher gain. This could be attributed to increase the SNR, which is also evident from the first three PCs, as shown in Figs. 3(c) and 3(d) . In both the cases, PC1 and PC2 include the spectral features from Al, Cu, brass, and SS. However, PC3 (with gain 1000) resembles only a few spectral features (from Zn) buried in noise, compared to the one with high gain where Zn and Cu lines are clearly visible. Thus, the use of ICCDs facilitated the ST diagnosis by offering higher gain and broadband single shot analysis. The first three PCs accounted for 71% of the total variance (54%, 13%, 4%) present in the dataset. However, the classification can be improved by avoiding the spectral range which does not include any spectral features. The essential spectral features contributing for classification or discrimination are from both copper and silver.
A set of seven Ag@Au bimetallic targets (with varying weight percentages) were investigated in the same ST-FIBS configuration. Figure 5 (a) depicts typical normalized ST-FIBS spectra of an Ag 20 Au 80 bimetallic strip in a spectral region from of 400 to 700 nm. Ag and Au transitions were identified and labeled using the NIST database [31] . Most of the persistent atomic and ionic transitions of Au lie in the UV spectral region and, therefore, the observed Au transitions in visible region are weak. However, one persistent atomic transition of Au was observed at 627.81 nm, along with Au I 406.5 nm and Au I 479.25 nm, which are relatively strong transitions. Figure 5 (b) data demonstrate that the Au I (627.81 nm) peak intensity increased linearly with an increase in the weight percentage of Au (i.e., from Ag 80 Au 20 to Ag 20 Au 80 ). Figures 5(c) and 5(d) illustrate the PC score plot and the first three PCs of normalized fs ST-FIBS spectra of Ag@Au bimetallic targets, respectively, in the 400-650 nm spectral range obtained from PCA analysis. The first three PCs accounted for 63% of total variance (38%, 23%, 2%) present in the dataset. The first PC depicts the essential spectral features from both silver and gold contributing towards the classification or discrimination.
The second PC was dominated by the spectral features of Ag. Even though the Au I emission intensities in ST-FIBS were relatively weaker (because of the absence of persistent transitions in the visible region), the achieved classification of Ag@Au bimetallic strips using PCA is promising. Finally, the classification or clustering efficiency of PCA was evaluated for all processed fs ST-FIBS spectra of metals and bimetallic strips in the spectral range of 350-700 nm. Figure 6(a) represents the PC score plot of metals and bimetallic targets. The first three PCs accounted for 92% (56%, 21%, 15%) of the total variance present in the dataset. Figure 6(b) presents the first three PCs that contain the essential spectral features which contribute for the classification. Out of these PCs, the first PC is like SS with transitions of Fe and has Cu, Zn, Al, and Ag spectral components. The second PC has spectral features from Al, Zn, and Ag whereas third PC has spectral components from Al, Zn, Ag, and Cu. Although Ag@Cu are well separated (encircled together in an ellipse), Ag@Au are not well resolved (shown in square). This could be attributed to the smaller contribution of weak transitions of Au I, which are present in fs ST-FIBS spectra of Ag@Au bimetallic strips, towards the total variance when all targets were analyzed together. However, employing flat field correction (eliminating diffraction orders on an ICCD image) [32] , supervised or generic algorithms could possibly result in superior classification. Furthermore, employing telescopes with good transmission in the UV-visible range will support qualitative and quantitative measurements in the ST mode.
In summary, we have successfully demonstrated 6.5 m ST analysis of metals and bimetallic alloy targets using the ST-FIBS technique in laboratory conditions. A SchmidtCassegrain telescope with good transmission in the visible range was used to collect the plasma emission. The results obtained from PCA analysis clearly demonstrated that the ST-FIBS technique is adept in classifying targets with similar composition though, in some cases, there was a small overlap in the grouping. However, supervised algorithms such as partial least squares discriminant analysis or soft independent modeling by class analogy can further be implemented for enhanced class wise labeling. The variation in characteristic intensities of constituent transitions in bimetallic targets with respect to their weight percentages demonstrated the promise of femtosecond filaments for ST analytical applications. Detailed studies on the types and properties of filaments produced and, consequently, their effects on the LIBS plasma will enable the development of an efficient technique for ST trace analysis of any material. Further studies are also warranted on optimizing the LIBS signal collection efficiency. 
